INTRODUCTION
Plain concrete is not only weak in tension, but is also a material that absorbs only a minimal amount of energy during fracture. The capability of concrete to absorb energy, often called toughness, is of critical importance in service when concrete structures may be subjected to static, dynamic, and fatigue loads, and when the crack widths in concretes must be restricted to prevent the ingress of deleterious agents in harsh environments.
Reinforcement of concrete with randomly distributed short fibers is known to improve the toughness of concrete and to also restrict the crack widths in service. 1 Toughness, however, when measured as the capability to absorb energy, is at best only an esoteric concept not very useful in designs that are largely stress-based. The difficulty is further compounded by the fact that the measurement of energy absorption in the case of cement-based materials is not easy, and there is no general agreement on how the toughness of fiber-reinforced concrete should be quantified. Assessment of the energy absorption capacity of any material necessarily requires the measurement of imposed displacements and strains and, in the case of a highly brittle material such as concrete, extraneous deformations, load-point crushing, and load instability, etc., often makes these measurements complicated. [2] [3] [4] At the heart of the fibers' capability to improve toughness is their ability to transmit stresses across matrix cracks. It is often argued that, rather than define and measure the energy absorption capability-an obscure concept in itself-it makes more sense to underscore toughness by quantifying the magnitude of stresses fibers can transmit beyond matrix cracking. This property, often called postcracking strength (or simply the residual strength), is measured in stress units and is thus a derived measure of toughness. This way of quantifying the contribution of fibers to concrete is easy to comprehend, unambiguous, and also highly relevant in designs.
In Part 1 of this paper, 5 a newly approved ASTM test method 6 aimed at measuring the ability of fibers to transmit stresses across a crack and the rationale behind the test itself were introduced. In the new method, (often called the residual strength test method [RSTM] ), a stable narrow crack is first created in the specimen by applying a flexural load in parallel with a steel plate in a controlled manner. The plate is then removed, and the specimen is tested in a routine manner in flexure to obtain the postcrack load-displacement response. The latter curve is then analyzed to obtain the residual strength (RS) and the residual strength index (RSI) of the material. In this paper, after having established the validity of the test technique, the technique was applied to fiber-reinforced concrete carrying various volume fractions of polymeric and steel fibers. Based on the extensive RS data reported herein, it is clear that the technique is highly suitable for characterizing the mechanical response of fiberreinforced composites.
MATERIALS AND MIXTURES
Two sets of beams were cast as described as follows. In Set 1, the objective was to investigate fibrillated and monofilament polymeric fibers at low to medium dosage rates in concrete. In Set 2, concretes reinforced with high volume fractions of steel, polyvinyl alcohol (PVA), and deformed polypropylene fibers were investigated. The concrete mixture proportions are given in Table 1 . Cement, sand, and aggregate were first mixed dry in a mixer followed by the addition of water. Lastly, fibers were added gradually to avoid any fiber balling. For each mixture, eight 100 x 100 x 350 mm beams were cast using external vibration. In addition, six 100 x 200 mm compression cylinders were cast for compressive strength determination.
Set 1-Polymeric fibers at low to medium dosages
In the first set, a total of seven different polymeric fibersfive microdenier and two macrodenier-were investigated. The details of the test program are given in Table 2 . Both the open-loop test method (OLTM) and the RSTM were employed to characterize the composites (refer to section on testing for details). Of the seven fibers investigated, six were of polypropylene material and one was of nylon material (Table 2 ). Further, of the six polypropylene fibers, four were fibrillated (PPF-1 to PPF-4) while the remaining two were monofilament type (PPM-1 and PPM-2). The nylon fiber (NLM-1) was also a monofilament type. All four fibrillated fibers had similar geometrical configurations and were procured from different manufacturers. The two monofilament polypropylene fibers investigated were also procured from different manufacturers. Monofilament PPM-1 fiber was 38 mm long and had a diameter of 0.19 mm. Monofilament PPM-2 fiber was also 38 mm long, but had a diameter of 0.63 mm.
Set 2-Deformed steel and polymeric fibers at high dosages
The eight commercially available macrofibers (large diameter) investigated in Set 2 are described in Table 3 . The mixtures and the test program are described in Table 4 . As in the case of the Set 1 specimens, both OLTM and RSTM were employed. Five of the eight fibers in this set were polypropylene fibers, one was a polyvinyl alcohol fiber, and the remaining two were steel fibers. One polypropylene fiber was straight, while the remaining four had crimped geometry. Notice in Table 3 that crimped Fibers PP-CR1 and PP-CR9 had similar sinusoidal geometry, but had different elastic moduli. Similarly, Fibers PP-CR7 and PP-CR10 had similar sinusoidal geometry but were of different lengths. Two hybrid mixtures were also investigated (Mixtures HBRD-1 and HBRD-2, Table 4 ) where both polypropylene and steel fibers were combined in the same mixture.
Typical values of slump, V-B time, air content, and unit weights for the mixtures in Set 2 are given in Table 5 . Notice that all mixtures were adequately workable and the V-B time increased with an increase in the fiber dosage rate.
TESTING
Details of the OLTM and the RSTM were given in Part 1 of the paper. 5 Briefly, the open-loop flexural tests were conducted in a 150 kN floor-mounted universal testing machine at a constant cross-arm speed. Figure 1 shows a typical test setup for the open-loop tests. Two linear variable displacement transducers (LVDTs), one located on each side of the specimen at midspan, were used to record the average vertical deflection of the beam, the Japanese Yoke mounted around the specimen to eliminate the spurious components of the displacement including crushing, and the other instrumentation were described previously. 5 In a test, the applied load and the net vertical displacement values were recorded using a digital data-acquisition system. Although the entire curve was recorded in an open-loop test, the data was utilized mainly for the calculation of the modulus of rupture (MOR).
In the RSTM, the beams were precracked under a thirdpoint flexural loading as in ASTM C 78 method, but in parallel with a 12 mm thick steel plate. The steel plate provided the support and absorbed the energy released from the machine at the occurrence of the peak load. At a net
Nemkumar Banthia is a professor of civil engineering at the University of British Columbia, Vancouver, Canada. He serves on numerous ACI Committees and received the ACI Wason Medal for Materials Research in 1997.

Ashish Dubey is a doctoral student in the Department of Civil Engineering at the University of British Columbia. His research interests include fiber-reinforced concrete and other cement-based materials.
Table 2-Fibers investigated in Set 1 and details of test program
Fiber and mixture ID Fiber information
Length, mm
Test method 
Fig. 1-Photograph of open-loop test method.
deflection between 0.25 and 0.50 mm, the cracked beam was unloaded, the steel plate was removed, and the beam was then reloaded to obtain the residual load-deflection curve. The loads supported by this beam at 0.5, 0.75, 1.0, and 1.25 mm were averaged and normalized to obtain RS values by using a simple elastic analysis (1) where P 0.5 , P 0.75 , P 1.0 , and P (2) where RS is the residual strength as defined in Eq. (1), and MOR is the modulus of rupture of the material calculated according to ASTM C 78 using the open-loop flexural test.
RESULTS
Compressive strengths
Twenty-eight-day compressive strengths for mixtures belonging to Set 1 are given in Table 6 . Clearly, influence of fiber type and fiber volume on compressive strength was not seen. The 28-day compressive strengths for mixtures belonging to Set 2 are given in Table 7 . Again, the influence of fiber type and fiber volume fraction on the compressive strength was not discernible.
Analysis of flexural toughness-Specimens from Set 1
In Set 1, the performance of four fibrillated polypropylene (PPF-1 to PPF-4), two monofilament polypropylene (PPM-1 and PPM-2), and one monofilament nylon (NLM-1) fibers was investigated at fiber volume fractions of up to 0.8%. To illustrate the general performance, the curves for Fiber PPF-1 are shown in Fig. 2(a) to (e) for an increasing fiber volume fraction from 0.2 to 0.8%. Curves for the other fibers depicted similar qualitative trends, and hence are not reproduced in the interest of brevity. In Fig. 2(a) to (e), notice that for concrete mixtures with very low fiber volume fractions (v f = 0.2%), considerable instability occurred in the openloop tests at the occurrence of the peak load. Even in such cases, the RSTM was able to capture the toughening due to fiber reinforcement. The instability problem worsened for mixtures containing nylon fibers (NLM-1), where even for fiber volumes as high as 0.4%, no reading could be recorded in the postpeak region (Fig. 3) . Notice once again that the RSTM was able to capture postpeak toughening in the case of nylon fiber at all fiber volumes, including 0.4%. As the fiber dosage is increased ( Fig. 2(a) to (e)), one can notice a decrease in the load instability. One can also notice an increase in the postpeak load-carrying capacity as measured by the RSTM, and hence, a related increase in the RS values (Eq. (1)). The RSTM was thus capable of predicting the postpeak toughness performance for composites with a wide range of various fiber volume fractions, both low and high.
The results obtained for all the fibers tested in Set 1 are given in Table 8 , where the MOR from the open-loop test, and the RS (Eq. (1)) and RSI (Eq. (2)) values from the RSTM are reported. The RS values are plotted in Fig. 4 as a function of fiber volume fraction for the various fibers. The RSI values are expected to follow similar trends, and hence, not reproduced. As seen clearly in Fig. 4 , the RS increases almost linearly with an increase in the fiber volume fraction. For the fiber volumes tested, interestingly, RS did not reach an asymptotic limit as is often expected. The performance of fibrillated Fibers PPF-1 and PPF-2 was very similar at various fiber volume fractions. Also, the performance of the other two fibrillated fibers (PPF-3 and PPF-4), which were tested only at a fiber dosage rate of 0.5%, compared well with that of PPF-1 and PPF-2 fibers at the given volume fractions. Monofilament polymeric fibers had inferior perfor- mance in comparison to their fibrillated counterparts. Among the two monofilament fibers investigated, the performance of the small-diameter Fiber PPM-1 was superior to that of the large-diameter Fiber PPM-2. A small diameter resulted in an increased fiber surface area, and hence, a greater frictional resistance to the process of fiber pullout during a test. In general, for the fibrillated fibers, RS increased by nearly seven to eight times when the fiber volume increased from 0.2 to 0.8%; the corresponding increase in the case of the monofilament fibers was only about five to six times.
Analysis of flexural toughness-Specimens from Set 2
In Set 2, performance of eight commercially available large-diameter fibers was investigated at high volume fractions equal to or exceeding 0.76%. Given that high volume fractions of fibers were investigated in Set 2, the damage resulting due to instability, even in an open-loop test, was marginal. The results are compiled in Table 9 . Some illustrative flexural load-versus-deflection curves for various fibers are shown in Fig. 5 to 14. In Fig. 5 , data for the straight polypropylene fiber (PP-STR) are given at 1.6% by volume. Notice that the RS values for concrete reinforced with 1.6% of straight polypropylene fiber (PP-STR) were inferior to those for concrete reinforced with even a lower volume fraction of the fibrillated fiber (PPF-1 and PPF-2) (Tables 8 and 9 ). This is most likely due to the large diameter of the PP-STR fiber; a similar trend was observed previously while comparing the PPM-1 fiber with the PPM-2 fiber and the fibrillated fibers (Fig. 4) . In Fig. 6 , the results for the hybrid mixture (HRBD-1) with a combination of the straight polypropylene fiber (PP-STR) at 1.6% by volume and 0.25% by volume of the hooked-end steel fiber (ST-HKD) are presented. When Fig. 5 and 6 are compared, a significant improvement due to the addition of steel fibers is clearly noticeable. This is also clear from the RS values reported in Table 9 .
In Fig. 7 and 8, plots for Fibers CR-7 and CR-10 are given. Note that CR-7 and CR-10 have the same sinusoidal shape, but CR-10 is a 50 mm long fiber and CR-7 is a shorter 30 mm long fiber. A superior performance of the longer CR-10 fiber (Fig. 8) over the shorter CR-7 fiber indicates a favorable influence of the higher aspect ratio. This also indicates that the RSTM is capable of distinguishing between different fiber lengths. A comparison between the 50 mm long straight fiber (PP-STR, Fig. 5 ) and the 50 mm long crimped fiber (CR-10, Fig. 8 ) and the corresponding RS values (Table 9) clearly emphasizes the improved performance of the crimped deformed fiber over the straight undeformed fiber.
The influence of fiber modulus is illustrated in Fig. 9 (Fiber CR-1) and 10 (Fiber CR-9). With identical lengths and identical sinusoidal shapes, the superior performance of the high modulus Fiber CR-9 points to the beneficial effects of a higher fiber modulus. In Fig. 11 , results with the hybrid mixture containing high modulus Fiber CR-9 and 0.25% of the hooked-end fiber (ST-HKD) are given. A comparison with Fig. 10 for the mixture with the CR-9 fiber alone clearly indicates the higher efficiency of the hybrid mixture and the synergistic effect among the fibers.
Finally, in Fig. 12, 13 , and 14, the results for the PVA fiber, the hooked-end steel fiber (ST-HKD), and the crimped steel fiber (ST-CR1), respectively, are presented. Notice that the high modulus PVA fiber performed better than the low modulus polypropylene fibers ( Table 9 ), and that the stability was minimized due to the higher modulus. Steel fiber with the hooked ends (Fig. 13) gave the highest RS values of all composites tested, even at a modest volume fraction of 0.76%. The crimped steel fiber, on the other hand, was not as effective as the hooked-end steel fiber ( Fig. 13 and 14) , and this clearly demonstrates the ability of the RSTM to distinguish between steel fibers of various geometries.
CONCLUSIONS
The purpose of the research reported herein was to validate the newly developed RSTM for toughness characterization of fiber-reinforced concrete using the RS concept, and to generate an extensive database for different fibers at various volume fractions. The RSTM was highly effective in differentiating between different fiber types, lengths, configurations, volume fractions, geometries, and moduli. With respect to the specific composites tested, the following conclusions could be drawn:
1. Based on the results from specimens in Set 1, it is clear that at a given fiber volume fraction, fibrillated polypropylene fibers provide better toughening than monofilament polypropylene or monofilament nylon fibers. In the range of fiber volume fractions investigated (0.2 to 0.8%), both the RS and the RSI increase almost linearly with the fiber volume fraction, and a smaller-diameter fiber performs better; and 2. Data from specimens tested in Set 2 indicate that the RSTM predicts the toughening capabilities of steel and other macrofibers at large volume fractions equally well. The postpeak instability in these composites, however, was minimal. Toughness improvements imparted due to crimped polypropylene macrofibers were superior to that imparted by the straight polypropylene macrofiber. For the crimped polypropylene fibers, an increase both in fiber length and fiber modulus had a beneficial effect on the RS. Steel fibers provided very high RS, but among the steel fibers, the hookedend steel fiber demonstrated better toughening capability than the crimped steel fiber. Combining polypropylene and steel fibers in the same mixture produced a synergistic effect, and composites with very high RS were obtained. A hybrid combination of crimped polypropylene fiber and the hooked-end steel fiber looks particularly promising.
